3D laser densification of photochromic porous glasses by IR radiation of fiber laser (λ = ~ 1.07 μm) is realized. Modified areas of different shapes and sizes that formed in the bulk of photochromic porous glass (PCPG) plates are investigated by optical methods.
Experiments
Fabrication of PCPG consisted of two main chemical stages: a through-leaching of two-phase alkaliborosilicate glasses and an impregnation of the received PG according to the technique described in [18, 19] . The PCPG plates with composition (by analysis, wt %): 0. [19] were received in the result.
The next processing stage of PCPG is a laser irradiation. The modification of optical properties takes place in the bulk of PCPG plates at chemical processing. The formation of modified areas (MAs) in the bulk of PCPG was realized by CW (power up to 15 W), as well as by pulsed radiation (average power up to 10 W) of ytterbium fiber laser at 1.07 μm wavelength. The pulsed fiber laser has a pulse duration t p = 100 ns and pulse repetition rate f = 50 kHz.
The spherical MAs (with stationary laser beam), and cylindrical MAs (with scanning laser beam) were formed depending on the conditions of laser irradiation. The size and shapes of the MAs were determined by laser power, duration of action, and size of beam waist, which was arranged in the bulk of PCPG plate at a depth of 150-200 μm from the surface. A 10× objective with a numerical aperture of 0.25 (the focusing length is 4.75±0.25 mm) was used for focusing the beam into the PCPG plate. Formation of MAs with cylindrical shape was made at a motion of PCPG plate with 18 μm/s speed.
The optical power of the incident (Р 0 ) and transmitted (Р τ ) laser radiation was recorded with the use of a Gentec Solo-2M optical power measuring instrument with a UP19K-110F-H9 pyroelectric power detector. Measurement of Р 0 and Р τ allowed estimating of absorption ability of PCPG during the formation of MA. The temperature in the zone of a laser action on a surface of sample was recorded with the use of a Flir Titanium 520 M thermal vision camera. After laser processing the PCPG plates with MAs were investigated with use of optical microscope Axio Imager Carl Zeiss in transmitted light with a magnification of 100×. The optical densities of PCPG and MAs in the wavelength range of 350-900 nm were obtained by microspectrophotometer MSFU-K U-30.54.072. DOI: 10.2961/jlmn.2015.01.0004
Highly developed structure of the PCPG determines its unique adsorption properties. This fact causes a change of its optical properties with time in the case of air storage [3, 5] . After the laser irradiation, the PCPG plates with MAs were sintered in electric furnace in air to close the pores and to stabilize its properties. The sample of PCPG was annealed at 870 °C for 4 hours to remove the pores. Final optical characteristics of photochromic quartz-like glass (PCQG) plates with MAs were formed by thermal processing in a furnace [5] .
Laser-induced bulk modification results
Laser-induced recording of spherical MAs was carried out in the bulk of the fixed PCPG plate at the power of in fig. 1 .a). The region with brighter color which surrounded by a dark ring was observed, when the fine focal plane of the microscope intersected with center of MA ( fig. 1.b) . Thus, the light of the microscope illumination system passed through the central part of MA and strongly dissipates at its edges. At this, the boundary layer of MA acted as a diaphragm, limiting the light transmitted through MA. The image of the condenser aperture of microscope illumination system was obtained by means of MA ( fig. 1.c) . Thus, MA together with microscope lens operated as an optical system with a modified focal length. This fact can give evidence of the different values of refractive index of MA and PCPG plate. The size of MA decreased from 270 to 200 μm after the sintering and from 595 to 465 μm considering the boundary layer of the annular structure of MA. The optical properties of MA in the bulk of PCPG plate after sintering in furnace were saved.
The cylindrical MAs were recorded at the power of incident CW radiation: 4.4, 5.2, 6.1 and 7.9 W for single scan. Cross-sectional size of cylindrical MAs ranged from 38 to 68 μm in dependence to an incident radiation power. Formations of MAs were not observed at a smaller power of laser radiation in a single scan. Reduction of crosssectional size of cylindrical MAs was achieved by decrease of the incident CW radiation power down to 3.5 W and increase of the number of scans up to 5 ( fig.2.a) . It is possible to receive MAs with the size of 8 μm. Further reduction of MAs size was obtained with decrease of an incident radiation power and with increase of number of passes by deceleration of the sample movement and by applying a pulsed radiation for the laser processing. Reducing of colloidal silver particles concentration in the PG channels contributed to a reduction of cross-sectional size of cylindrical MAs as well [16] .
The MAs of cylindrical shape with cross-sectional dimensions of 5-12 μm were formed with the use of pulsed radiation in the bulk of PCPG with lower concentration of silver particles ( fig. 2. b, c) . Thus, the writing of MA with transverse size of 11 μm was carried out at average power of pulsed radiation 2 W and 3 scans ( fig. 2. b) . The MAs with Y-shape and transverse size of 5-9 μm was formed at average power of pulsed radiation 3.25 W at single scan ( fig. 2. c) . The surface temperature in the center of the processing area was registered by thermal vision camera. Measured values of temperature were ~ 750 -850 °C, when the irradiation process at MAs formation was stationary. Such relatively high value of temperature is provided by corresponding laser exposure parameters and by relatively high absorption of the PCPG (A). It can be evaluated by the expression [20] :
where R is PCPG plate reflectance. At R ~ 0.04, A is equal to ~ 0.37.
In the experiments the power density was changed in the range of 0.97-2.85 MW/cm 2 for the CW laser radiation and the average power density was changed in the range 18.0-54.0 kW/cm 2 for the pulsed radiation. The temperature in the bulk of PCPG in the focal spot can be estimated as [14] 
where t is a processing duration (from 5 to 25 s); k is a thermal conductivity of PCPG (~ 3.3 W/(m·K)); δ is a depth of light penetration (~ 1.5×10 -3 m −1 ); a is a thermal conductivity (~ 10 −5 m 2 /s). Calculated value of temperature is up to ~ 850-1000 °С.
The absorption of incident radiation by silver halide particles and energy transfer to the glass network is the basis of PCPG heating mechanism. It is known that the crystallization, change of optical properties and destruction of multicomponent glasses is affected by laser exposure [21] . These modifications are based on similar heating mechanism. In our case, the modification of PCPG was implemented through process of porous structure termodensification at the beam waist without structural-phase transitions and destruction of material.
Thus, the modification of optical properties of glass without the destruction and the structural-phase transitions in the exposed region becomes possible at definite temperature range and heating / cooling rates of glass. The regime of heating is determined both by parameters of laser processing and the concentration of metal particles in the glass (and also by its distribution in the volume). The absorption capacity of glass as well as its crystallization temperature depends on the concentration of metal particles and its distribution in the glass, too.
Alteration of material properties after processing
Optical density (D) of PCPG plates and MA was estimated by measurement of spectral transmittance (τ) in the photon energy range from 1.38 to 3.55 eV (or wavelength range from 350 to 900 nm):
(4) In addition, the relative optical density ΔD ( fig. 3 ) was determined. This value is equal to the difference of optical density (D) of the objects under study (PCPG or MA) and the optical density of fused quartz (D Q ) that was chosen as the standard at the process of recording:
The additional absorption in photochromic glass can be initiated under the action of UV or NIR radiation [22] . In irradiated regions the precipitation of colloidal silver particles, which are the color centers with a typical size of 60 nm, occurs. The absorption band of these particles with spherical shape corresponds to the range of E p = 2.48-2.59 eV. The formation of oblate ellipsoidal particles, which give the absorption in the long-wave range of spectrum with lower photon energy, is possible together with formation of spherical particles [23] . The UV laser irradiation of the PCQG plates leads to the appearance of plasmon resonance peaks (in the range of E p ~ 3.10-3.55 eV). These peaks are characteristic for quasi metallic silver particles [11, 22, 23] . Spectral dependences of the optical density of investigated PCPG plates in irradiated (i.e. MA) and non irradiated regions prove the presence of colloidal silver particles ( fig. 3, curve 1 and 2) . (1) the PCPG plate, (2) the MA, and the PCQG plate obtained after sintering of (3) the PCPG and (4) the MA formed in the PCPG plate (compared with the optical density of the fused quartz).
It can be seen from the comparison of the spectral dependence of ΔD of the PCPG plate and the MA in the full examined range (E p = 1.38-3.55 eV) that ΔD of MA is substantially lower than ΔD of the PCPG plate ( fig. 3 , curve 1 and 2). Probably, the cause of these changes is smaller number of diffusers which are silver particles. The decrease of the particles size to values less than wavelength of the visible light after laser irradiation can be the cause too. In addition, the spectral dependence of optical density MA demonstrates a small (about 0.08-0.1 eV) displacement of its peak in the direction to UV region. This fact may be associated to the shape and orientation of the silver particles [11] .
The optical characteristics were investigated again after the sintering of PCPG plates with MAs formed in the bulk in furnace for a purpose of PCQG formation. A comparison between optical densities of PCQG ( fig. 3, curve 3 ) and PCPG plates ( fig. 3, curve 1) suggests that, after sintering, the general character of the dependence did not change. Nevertheless, the maximum value of the optical density was reduced by a factor of 1.8 (from 2.4 to 1.3) and a peak position was shifted to the near-UV range. A character of optical density dependence for MA after sintering of the PCPG with the MA barely changes ( fig. 3 , curve 4 compared to curve 2). Dependences of the optical density of both PCQG plate and MA are shown in fig. 3 , curves 1 and 2. The shift of peaks to the same photon energy (wavelength) is observed (E p = 2.55 eV). This fact can be attributed to the reduction of silver particles quantity in the irradiated region (i.e. MA) and in the entire PCPG plate after sintering in a furnace.
Conclusions
3D laser modification of properties of PCPG plates impregnated with silver halides is presented. The CO 2 laser light is not suitable for modification in the bulk of PG, because it is not able to penetrate into the volume due to strong absorption. Impregnation of PG plates with metal particles (1.22-2.4% Ag) allowed an increase of absorptivity of photochromic porous glass (PCPG) up to 0.224 at a wavelength (1.07 μm) for which initial PG is transparent. It was enough for near IR light absorption enhancement, suf-ficient for modification in the bulk of PCPG which was implemented by the example of volume thermal densification under laser irradiation. Process of modification PCPG properties takes place in the waist of laser beam and leads to local densification of the glass network of PG. Laserinduced thermal densification occurs due to a heating of PCPG by metal particles which absorbs radiation within a glass network.
The MAs were formed in the bulk of PCPG plates with various shapes and sizes by NIR radiation of fiber laser with a use both CW and pulsed irradiation. Regions with spherical shape with diameters from 50 to 350 μm and regions with cylindrical shape with cross-sectional diameter from 5 to 70 μm were produced. Optical properties (transmittance and optical density) of PCPG and MAs before and after sintering of glass plate in furnace were investigated.
